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SUMMARY

$ Thetendencyforthejetengineto continueto rotateaftercrash

E
presentstheprobabilitythatcrash-spilledccmibustiblessuspendedin
theairorpuddledon thegroundat theengineinletmaybe suckedinto
theengine.Sttieswithjetenginesoperatingona teststandandfull-
scalecrashesofturbojet-poweredairplanesshowedthatcombustibles
drawnintotheenginein thiswayigniteexplosivelywithintheengine.
Flamesthatcouldsetthemajorfireappearat theenginetailyipeand
oftenat theinletwhenthisexg?losimignitionoccurs.Thisi~ition
mayoccuronthehotmetaloftheengineinteriorevenaftertheccmibus-
torflameis extinguishedandtheengineis coastingtorest..

Ehcperimentshowedthatthegasflowthroughtheengineis toorapid
● topermittheignitionofingestedcombustiblesonthehotmetalin con-

tactwiththemaingasstream.Ignitionwilloccuronthosehotsurfaces
notin themaingasstresm.A portionoftheengineairflowis diverted
forcoolingandventilationto thesezoneswherethegasmovesslowly
enoughforignitionto occur.

Thelimitedextentofthehot-metalzonesthatmaystarta fireper-
mittedan approachtoinertingtheenginethatinvolvedthesimultaneous
initiationofthefollowingactionsinnnediatelyuponcrashimpact:(1) .
Shutofffuelflowto engine;(2)spraycoolant(water)onthosehotsur-
facesfoundtobe ignitionsources;(3)disconnectairplaneelectrical
systemat thebatteryandgenerator.

Theeffectivenessof thisapproachwasevaluatedby crashingair-
planespoweredby jetengines.Pylon-mountedenginesattachedtothe
wingswereusedto simulateairplaneswithexposed~d nacelles.Fight-
ersrepresentedairplanetypeswhoseenginesarecontainedwithin.the
mainairplanestructure.Thequantityofwaterrequiredasa coolant
rangedfrom9 to 12 gaU_onsforeachengine,dependingontheen@ne and
thelengthof theattachedtailpipe.No firesoccurredin sixcrashes

P inwhichtheinertingsystemwasused. Thetwoairplanescrashedwith-
outprotectioncaughtfire.

b
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INTRODUCTION
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NACAresearchontheoriginofcrashfires,begunin 1949,hasbeen
extendedtoincludejetaircraft.Theworkperformedtithjetaircraft
followsan extensiveprogramwithpiston-engineairplanes(ref.1)docu-
mentedwithmotionpictures(ref.2). Theobjectiveofthisworkisto
learnhowtuxbojetcrashfiresstartandto studymeansforreducing
theirlike~hood.Thisreportdiscussestheresultsofthestudyand
describesa methoddevelopedtoreducetheprobabilityof suchcrash
fires.

-.Sincejetairplaneshavethesamegrossconfigurationandassort-
mentofcomponentsaspiston-engineairplanes,muchofwhatwaslearned
aboutthestartofcrashfiresinpiston-engineairplanesappliesto the
turbojet.Inthejetphaseoftheresearchnewelementsof theproblem,
peculiartothejetairplane,wereemphasized.Theseincludethejet
engine,Jetfuel,increasedfuelquantity,anddifferencesinfuelloca-
tion. Of thesenewelements,thejetengineismostimportant.Igni-
tionhazardspresentedby frictionandelectrostaticsparks,electrical
arcsandsparks,andairheatersremainsubstantiallythesameforpiston-
engineandjetairplanes.Sanesafetyadvantageis obtainedfromthe
lowervolatilityofjetfuels,butsomeofthisadvantageis counter-
actedby theincreasedquantityoffuelanditsbroaderdistribution

*

ontheairplane.
.

Inthisreportinterestiscenteredontheparttheturbojetengine
playsin settingcrashfires.Becauseoftheknowledgegainedaboutcom-
bustiblespillageandmovementincrashes@th piston-engineairplanes,
thiscombustiblespillagecouldbe simulatedfora jetengineona test
stand.Therefore,thecrash-firehazardpresentedby thejetengine
couldbe assessedby test-standstudies.At appropriatetimes,airplanes
withjetengineswerecrashedtoverifyhportantresultsobtainedon
theteststand.

MECHANISMOFTUEBOJET-AIRCRAFTCRASEFIRE

Thestartofa crashfireinvolvesthreemajorsteps:movementof
thecrash-spilledcombustiblestoan ignitionsource,Qnitionofthe
combustibleat thesource,andspreadoffireto themainbodyoffuel
ontheairplane.Themovementofcrash-spilledfueltoignitionzones
andthespreadofthefirewereobservedintheworkwithpistonengines
andarereportedindetailinreference1. Thereremains,then,the
matterofunderstandinghowtheturbojetactsasan ignitionsource. 5

Inordertoobservehowcrashfiresstartwithjetaircrtit,two
experimentalfull-scalecrasheswereconductedwithturbojetaircraft a
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havingdifferentengineinstallations.Oneoftheaircraftwasa C-82
airplane.Thepistonenginesnormallycsrriedwerereplacedwitha
J35enginepylon-mountedto eachwingto sirnulatea bomber-typeengine
installation.Theairplanetithturbojetsisshowninfigure1. A
fighter-typeengineinstallationwasrepresentedby anF-84airplane
whoseengineissubmergedin itsfuselage.

Thesecrashessimulatedtakeofforlandingaccidents,whichoccur
at lowairplanespeedwherethechanceforhumansurWvalofthecrash
impactishigh. IntheexperimentalC-82crash}turbojetsaccelerated
theairplanefromresttoa speedofabout90milesperhouralonga
17~-footrunway.A crashabutment(ref.3)at theendof therunway
wasarrangedtoripoffthelandinggear,whilea pairofpolesoneach
sideofthewingtoreopenthefueltankscontaining1000gallonsof
JP-4fuel.

Theappearanceoftheairplaneas it struckthebarrieris shown
infigureZ(a). Thecloudof’fuelmist(liquiddropletssuspendedin
air)thatappearedwhenfuelspillageoccurredwhiletheairplanewas
inmotionis evidentat thebreachinbothwings(fig.Z(b)).Reddye
inthefuelaccountsforthebrightcolorofthefuelcloud.As the
crashedairplaneslowed,thefuelmistmovedforwardof thewingand
reachedtheairinletontheleftengine(fig.2(c)).A strongcross
windsweptthefuelmistawayfrmnthe.engineontherightwing.

Fuelmistingestedby theleftenginewasignitedsomewherewithin
theengine.Theignitedfuelmistproducedtheflsmesat thetailpipe
andinletshownin figure2(d). Theseexposedengineflamesignitedthe
fuelspillingfromthewing(fig.2(e)).Theflamespreadthroughthis
fuelb thewingtoproducethestablefireshownin figure2(f).

TheF-84fighter(fig.3))carryingitsturbo~etsubmergedinthe
fuselagestructure,caughtfirein a similarcrash.b thiscrashthe
fuelthatenteredtheengineinletwasspilledfrcma fuselagetankad-
jacentto theengine-inletduct.Arrangementsforensuringthefailure
ofthistankinthecrashareshownin figure4. A drivingstrutW’aS
attachedat oneendto thenosewheelstrut.Thefreeendofthedriv-
ingstrutcarrieda spear-liketankcutterdinedat thefuselagefuel
tank,whosewallisadjacentto thatoftheairduct. Whenthenose
wheelstrutfailedrearwardin crash,thedritingstrutcuttheduct
and~ walls.Fuelin liquidformpouredintotheairductandwas
drawnintotheengine.

A crashoftheF-84is shownin thesequenceinfigure5. Upon
passingthroughthecrashbarriertheairplaneflewovera ditchtoward
risingground.Thefuelspilledfrmnthedamgedwingtanksinmist
formandmovedto therearoftheairplane(fig.5(a)),whichwastravel-
ingabout100milesperhoux. Whenthenosegearcold.apsedu~n contact
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tiththeground,thefuselagefueltankwas->ierced.Fuelpouredfr~”
thistankintotheengine-inletduct. Ignitionof thisfuelwithinthe m
engineprovideda successionofflamepuffsisstingfromthetailpipe}
oneofwhichis showninfigure5(b). Theseflamepuffsmovedintothe
wakeoftheairplameandcontinuedtoburnas isolatedmasses.Fuel
spillingfrcmthewingwasignitedby theseflamesat therearofthe
airplane(fig.5(c)).Theresultingfiremovedforwardthroughthefuel
spillingfromthewingandreachedtheslowingairplanetoproducethe
fireshowninfigure5(d). mo

Thefirethatoccurredinthesecrashesofthecargoairplanewith ~
externallymountedenginesandthefighterwitha submergedengine
showedthatfuelingestedwiththeengineaircanignitewithintheen-
gine. Theflamesproducedmayreachoutoftheenginetailpipeandin-
lettoignitecombustiblesspilledaroundthecrashedairplsae.

ROLEOFTURB- ENGINEINSEZ’TINGCRASHKCRES

ThecrashfiresJustdescribedshowthattheturbojetplaysa three-
foldrolein settingthecrashfires.First,becausetheturbojethas
nopropellerto strikethegroundandstoptheenginerotationwhencrash
occurs}theturbojetcontinuesto operate.Thelargeairmassflowinto .P

theengineis drawnfroma broadzoneaheadoftheengineinlet. Can-
bustiblesspilledintothiszonearesuckedintotheenginewiththis
air. Thisingestionofcombustiblesis thefirststepleadingto the

c

startoffireby theengine.Second,combustiblesdrawnintotheen-
gineas liquidarewell.mixedwithairby thecompressor.Wettingof
thecompressorblades,particularlythoseoftherotor,promotesthe
evaporationoftheliquidcombustiblein theair. Evaporationisfurther
promotedby theheatingoftheairinthecompressor.Theingestedfuel}
favorablyconditionedforignition,thenmovesintozonesinthehotend
oftheenginecon~ning combustorflameand-metalabovetheignition
temperatureofpetroleumfuels,whereignitionoccurs.Third~there-
sultingflamepropagatesoutoftheengineto s~eadthefire.“

Evenifa pylon-mountedengineistornfreeina crash,itsessen-
tialrolein settingfiresisunchanged.Thenormalfuelflowto the
canbustoris cutoffuponengineseparation,butthekineticenergy
storedintherotormaintainsthecompressorairflow.Theinletairve-
locityremainshighenoughforabout5 secondsafterccmbustorfuelcut-
offforappreciableentrainmentofspilledcdm%ustibleswiththeinlet
air. Theprobabilityoffuelingestionis increasedwhentheengine
tumblesintothefueldepositedunderorbehindtheairplane.

A turbojetdisintegratingtia crashcouldscatterhot-metalparts
andburningccznbustorfuelintofuel-wettedareas.Theresultingfire
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hazardis obviousandisnotconsi&reda subjectforresearch.13xper-. iencegainedin experimentalcrashesofturbojetaircraftinthisand
relatedprogremshasshownthatthereis liLttlelikelihoodthattheen-
ginewillcomeapartina crashimpactthatis survivable.h no case
didtheenginebreakincrashesinvoltinga totalof 23 engines,yet
scmeofthesecrashesproducedairplanedecelerationswellbeyondhuman
endurance.

Thecharacteristicsoftheengineas a sourceofignitionreceived
themostattentionin thiswork. Understandingtheignitionprocess
withintheenginewascmsideredthekeytoanyusefulapproachtore-
ducingthiscmsh-firehazard.

FuelIngestion

An operatingturbo~etdrawsitsairfroma streamtubeof diameter
lessthanthatoftheengineinletwhentheairplaneisf’l@ng.When
theengineismovingwithlowforwardspeedon theground,thestatic
pressureat theinletis lessthanatmosphericaudthestresm-tubedism-
eteris greaterthantheengine-inletdiameter.Thisconditionexists
whentheairplaneslowsin crash.KI!bisstreamtubebroadensfurtherif.
theenginecomescloseto thegroundas theai~lanebreaksup.

. Liquidcombustiblessprayedintoareasoflowvelocityin theinlet
streamtubemaydropto thegroundbeforetheyreachtheengineinlet.
Liquidsuspendedinair(mist)enteringthesamezonesis drawnintothe
inlet.Streamsorjetsof liquidcmibustiblesprojectedintothehigh-
velocityairwithina fewinletdiametersoftheenginearealsodrawn
intotheinlet.As thevelocityoftheinletairdecreaseswithengine
rotation}thedistanceatwhichingestionof thesestreamsor jetsoccurs
shortenscorrespondingly.

Liquidfuel-y be suckedintotheenginefrcmpoolsoffuelonthe
groundin frontof theinlet.Iftheengineis ontheground,thisfuel
is drawnintotheenginewiththeinletair. H theengineisabovethe
ground,a vortexthatsometimesdevelopsat theinletandextendsto the
oundmayraiseliquidfuelfromthegroundintotheintaketirstream

“L. 4). Also,fuelstoredin tanksadjacentto engineair-intakeducts
couldpourintotheductwhenwallsseparatingthemarebreached.

Evaporationof liquidpoolsoffuelorfuelfrcmwettedsurfacesis
a relativelyslowprocess.ThisisparticularlytrueforJetfuelswith
volatilitieslowertha aviationgasoLLne.Therefore,thevaporswlanat-* ingfrcmHquid fuel,spilledinthezcmeofinfluenceoftheinlet
streamtube,rarelytillbe sufficienttoproducea conibusttblemixture

* withthelargemassairflowintotheengine.UsualLy,i-table
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onlywhenliquids
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.

Thetwoprincipalengineignitionsourcesjcanpustorflamesand
hot-metalsurfaces,aresufficientlydifferentin theirbehaviortomerit
separatediscussion.Thesedifferencesrelatetothetimethesesources U
persistaftercrash,thenumnerinwtichignitionoccurs,andthemode E
ofpro~gationoftheresultingfireoutoftheengine.

Chnbustorflames.- Ifnormalccmbustorfuelflowcontinuesaf%er
crash}thecombustorflamepersistsas longasfuelremainsinthetank.
Combustiblesingestedwiththeengineintakeairareignitedimmediately
uponcontactwiththisflame.Sincethisingestedfuelentersthecom-
bustorthroughairopeningsinitsliner,whichextendtothedownstream
endofthecombustor,theburningofthisfuelisnotcmnpletedin the
combustor.Thefuelcontinuestoburninthetailpipedownstreamofthe
turbine.Exposedflames thatcouldstartthecrashfiremightappearat
thetailpipeexit,particularlyifthetail~ipeis short.Ignitionof
theingestedfuel-airmixturewilloccuxevenifitis samewhatleaner
thantheconventionallowercombustible-t, becauseitisintimately “
mixedwiththecombustorflame.

.
Ifthefuelflowtotheccanbustoris cutoffby intentoraccident, “

themaincombust.orflameis extinguishedat once. However,thefuel
ma?dfoldcontinuesto drainslowlythroughthelowerfuelnozzlesto
supportsmalladjacentresidualfires.Thesefireswereobservedin
test-standenginestudiesthroughwindowsin thecombustor.Theflames
werevisibleup to 8 secondsaftercombustorfuelshutoffwhentheen-
ginewasoperatedat ratedsea-levelconditions.Theignitionhazard
providedby theseresidualflamescompareswiththatofthefullcombus-
torflame.However}theingestedfuelwouldhavetoproducemixtures
withintheconventionalcanbustiblelimitsforthesmallresidualflames
toproduceignition.

Flamesoriginatingwithintheenginemayalsoappearat theengine
inletas observedinfigure2(d).Theappearanceofthisinletflsmemay
be explainedinthefollowingway. Burningof ingestedfuelinthecom-
bustorflamereducestheturbine-inletgasdensity.A hi@erpressurein
thecombustorisrequiredtopassthegasthroughtheturbine.Whenan
abruptchangeinover-allcombustorfuel-airratiois~ovidedby the
ingestedfuel,thepressureinthecombustorrequiredtopassthecombustor
gasthroughtheturbinemayexceedthecapabilityofthecompressorat *
theexistingrotorspeed.Thecompressorflowmaystallbeforethetur-
binecanacceleratetherotortoa speedthatwillprovidethenecessary
pressure.At thismomentthecombustorflamemy propagateupstream #

throughtheingestedcombustiblemixturethatfillsthestalledcanpres-
sorandexLtat theengineinlet.
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Hot-metalsurfaces.- If combustorfuelshutoffisprovidedupon.
crashandresidualflamesareavoided,thehotenginemetalmaybe a po-
tentialigniter.Consequently,thetemperaturesof characteristicen-
ginepartsdownstreamofthecompressorweremeasuredontest-standen-
ginesat locationsshowninfigure6 fora periodfollowingcombustor
fuelshutoff.Thermocouplesreadingtemperaturesonrotatingengine
partswereconnectedto recordersthroughslipringsonthemgine shaft.

MaximumtemperaturesobtainedwiththeJ47andJ35enginesrunninn
ontheteststandwereccmrparable(fig.7). Temperaturesof similarlo-
cationsintheJ30engine,whicharenotgivenhere,werealsocomparable
to thoserecordedon theJ47andJ35engines.

Theenginemetaltemperaturesaftofthecmpressorarediscussed
indetailinappentiA. These_erature measurementsshowedthataid.
themetaldownstreamoftheccapressorwasabovethelaboratorymeasured
ignitiontemperatureofjetfuelsandlubricants.Thesepartswereat
dangeroustemperaturesforvaryingperiodsoftimeaftertheccmbustor
fuelwasshutoff. However,temperaturealoneisan insufficientmeas-
ureoftheignitionpotentialofa hotsurface.

. Incontrastwithflameignition,whichis instantaneousin termsof
timeintervalssignificantin thisproblem,ignitionofcombustibleat-
mospheresby hotsurfacesisnotinstantaneous.An appreciablecontact

. timeis requiredbetweenthecombustibleatmosphereandthehotsurface
in orderforignitionto occur.Thecontacttimerequiredforignition
onhotsurfaceshasbeenthesubjectof somerecentexperiments.Un-
fortunately,muchoftheexpertientaldataonignitionofcmnbustible
atmospheresflowingoverhotsurfaceswasobtainedwtthsingle-
constituenthydrocarbonfuelsunderconditionsthat hardlyappro-te
thoseina jetengine.SamedataobtainedwithJetfuels,however>show
theimportanttrendsandtheordersofmagritudeinvolved.

Therelationbetweensurfacetemperatureandcantacttimerequired
forignitionis shownby datagiveninfigure8(a)forJP-4fuel(refs.
5 and6 andunpublishedNACAdata).Twomaintrendsareevident.(1](y
requiredcontacttimedecreaseswithincreasingsurfacetemperature.
Whenthecombustibleatmosphereisathighpressure,whichexists-thin
anengineduringtheinitialstagesof a crash,ignitionis~ssibleat a
lowersurfacetemperaturefora givencontacttime. As the~essure
decreasesto atmospheric,ignitionoccursathighertemperaturesfora
particularcontacttime.

Thecorrespondingcurvesforkeroseneand115/145and100/130avia-*
tiongasolines(refs.7 and8) showthesametrendsas thecurvesfor
J7?-4fuel(fig.8(b)).Thefactthata contacttimeofmorethan0.1

* secondis requiredtoignitea ccanbustibleatmosphereofJT-4fuelona
1000°F surfaceanda canbustibleatmosphereof gasokineona 1400°F
surfaceis importantin theproblembeinginvestigatedherein.
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A studyofthegasvelocitythroughthehotzonesoftheenginein
themaingasstreamshowedthatcombustiblespassthroughthesezones
toorapidlytoignite.Thisis trueforapproximately20seconds~ollow-
i.ngenginecombustorfuelshutoff.Afterthisperiod,theprobabi~ty
offuelingestionis quitelow. Theenginetemperatureandvelocity
datausedin thisstudyarediscussedinappendixB fortheJ35engine.
Inthesestudiestheenginetemperatureandairvelocitydataprovided
infigures9 and10wereused. Similarstudieswhichledtothesame
resultweremadefortheJ30andJ47engines.Themethodofanalysis
discussedinappendixB providesa firstappraisalofthepossibilityof
ignitionofingestedcaabustiblesby componentsinthemaingasstream.

WhiletheanalysisshowedtheJ30,J35,andJ47enginessafein
thisregard,itis qpnceivablethat,withlargerengines,ignitionon
thehotmetalin themaingasstreammaybe possible.Thelongercompo-
nentsofthelargerenginesprotidea longertransittimeforthecom-
bustibleatmospheremovingby. Minimumcontacttimesforignitionmay
thenexistforcomponentsinthemaingasstream.Themethoddiscussed
inappendixB isusefulin determiningwhenthismayoccur.

Whileignitionby hotsurfacesisunlikelyin themaingasstreams
of theenginesstudied,thereareotherzonesin theenginewherehot-
metalignitionis likely.Thehot-metalititionzoneswithintheen-
ginesstudiedwerefoundtobe in thoseareaswherethegasvelocityis
lessthanthatofthemaingasstream.A -11 portionoftheengine
gasflowis divertedtohotzonesintheenginewheresufficientcontact
timeforignitionexists.Thequantityofgasdivertedis smnettiesun-
known,andthegeometryoftheflowinthediversionzonesisuncertain.
ForthesereasonstheperiodoverwhichtheseMversionzoneswerehaz-
ardouswasdifficulttodefinebaseduponan analysisinvolvingsurface
temperatureandcontactthe.

Theignitionzoneswereidentifiedin test-standenginesby the
methoddiscussedindetailinappendixC, 5e techniqueemployedin-
volvedtheuseoffuelsprayslocaltotheenginezonesuspectedasan
ignitionsource.Followingengineoperatimatratedconditionsfora
timesufficienttoestablishtemperatureequilibrium,thefuelflowto
theccmbustorwasturnedoffandthefuelspraywasturnedonlocalto
thezoneunderstudy.Thefuelflowwasprogrammedtomaintaina com-
bustibleatmospherein thezone. Ifignitionoccurred,inertingmeans
wereinstalledtopreventtheignitionin subsequenttestsofupstream
zones.By startingat thedownstreamendoftheengineandproceeding
upstreanin thisway,eachi~itionzonewasidentifiedandinertedin
turn.As a finalcheckafterallthezoneswereinerted,fuelwasin-
jectedintothemaingasstreamto determinewhetherignitionwould
occur. Inthismanner,ignitionzoneswerefoundonthecombustor
liner,transitionliner,turbineandinner-conebasediaphragm,and
tailconeandtailpipe(fig.11).

.

.

—
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Combustorliner:Theigniticmzonefoundontheccmbustorliner

wasthedame,whichllescloseto theprima~cmbustionzone. Themetal
adjacenttothedomeis heatedby theccunbustorflane”andattainsunsafe
temperaturesin spiteofthecoolingyrovidedby theadjacentair. Also,
inthisregiontheengineairis causedto rectiulateby desi~ topro-
videa zoneof lowt=sitionalspeedandpromotegoodcanbustion.Both
thehotmetalofthecmibustorlineradjacenttothedcmeandtheresid-
ualflamespreciouslydiscussedmakethiszoneparticularlyhazardous.
Thesizeofthiszoneis difficulttodefine,sinceit dependsonthe
airtemperatureat thecompressoroutlet,thecombustordesign,andthe
i~tion characteristicsofthecombustiblessuckedintotheen@ne.

Transitionliner:Theoutsidesurfaceofthetransitionliner,
whichjoinsthecmibustortotheturbine,isszmtherignitionzone.A
mall quantiwofairflowscontinuouslyfromtheccxnbustoroverthe
outersurfaceofthetransitionliner.Combustiblessuckedintotheen-
gineinletarebroughttotheoutsidesurfaceofthelinerwiththisair.
h someenginesthisairis drawnthroughthehollowturbinenozzlevanes
forcooldng.Thesevanesareat thesamehightemperatureas thetransi-
tionlinerandmustbe countedas an ignitionsourcein thisenginezone.

Turbine:Thecavitycontainingtheturbinewheelisa zoneof low
gasvelocity.Thecombustiblessuckedintotheengineinletsredelivered
to eachfaceoftheturbinewheelwiththecoolingairdrawnfromthe
highercompressorstages.Thisairmovesslowlyenoughalongtheturbine
wheelfacesforignitionto occur.

Innercone: Combustibleatmospheresdeliveredto theturbinewheel
frm thecompressorcanentertheinterioroftheinnerconethrough
ventholes.Jn saneenginestheseventholesEmelocatedat thebaseof
thetailconeas showninfigure12. Theplaneoftheinner-conebaseis
parallelto theturbinewheel.Combustiblesenteringtheconecouldig-
niteonthehotwallsofitsquiescentinterior.Theslightdamageto
thebasediaphragm,indicatedinthefigure,followedignitionin thein-
terior.Theresultingflamemightignitethecombustibleatmosphere
streamingthroughtheenginetoproducethedangerousflamesat theen-
gineinletandtailpipeshowninfigure13.

Tailconeandtailpipe:Thei@tion zoneslocatedat thecabustor
dome,theoutsidesurfaceofthetransitionHner, theho~ow turbine
nozzlevanes,theturbinewheel,andtheinnertailconewereallthat
werefoundwithintheseengines.Experimentsshowedthatfirescoald
alsobe obtainedwhenfuelsor lubricantscontactedtheoutsidesurface
ofthetailconeandtailpipe.‘l!hefireproducedby jetfuelonan en-
ginetailpipeis shownin figure14. Forengineshatinga pressureratio
of5 or less,theunsafeexteriorsurfaceextendsfrcnntheturbinecase
to thetailpipeexit.
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CRASH-F3?RElXERTINGSYSTEMFORTURBOJETAIRPIANES .

Iffuelingestioncouldbe prevented,“thena studyoftheengine
ignitionwouldnotbe necessary.A reviewofpossiblemethodsandmeans
foremployingclosuresat theinlet,outlet,ortithintheengineto
preventfuelingestiononcrashindicatedlittlehopeforthisapproach.
Unacceptableweightandcomplexitywererequiredintheclosureequip-
mentnecessarytomeetthestringentspecificationsoffastactuation
andstrengthto supportthepressuredifferencesdevelqedby the
compressor.

Previouscrashresearchwithpiston-engineairplanesshowedthata
markedreductionin thecrash-firehazardcouldbe realizedby control-
lingpotentialignitionsources~ref.1). Mostoftheignitionsources
carriedontheairplaneareassociatedwiththeelectricalsystemand
theengine.By de-energizingtheelectricalsystemandinertingtheen-
gineignitionzonesuponcrash,mostofthefire&zard is overcame.

Theelectricalsystemcanbe de-energizedby openingthegenerator
andbatterycircuits.Thearmaturesofmainelectricalcomponentslike-
lytogeneratedangerousvoltagesas theycoasttoa stoparegrounded
closetothesecomponents.Inthiswaythesearmaturesarebroughtto
a rapidstop,andthelengthofelectricalwiringat dangerousvoltages
is shortenedconsiderably.Ignitionsourcesassociatedwiththeengine
consistof combustorflsmesandhotenginemetaldiscussedpreviously.

CombustorFlemes

In crashthecombustorflsmecanbe putoutby shuttingoffthe
cmbustorfuelflow.Residualcombustorflamescanbe avoidedif the
fuelmanifoldcanbe ventedtoan overboarddrainat thetimethemain
fuelvaneisclosed.Eribblingoffuelfromthenozzlesintothecom-
bustorsisavoidedinthisway.

HotEngineMetal

Theproblemofinertingthehotenginemetalwassolvedduringthe
searchfor.thesedangerouszones.Themethodemployedforlocatingig-
nitionzoneswithintheengine,describedinappendixC,involvedthe
inertingcd?knownignitionzonesas thesearchforothersproceeded.
Water,appliedto thedangeroushotsurfaces,waschosenas theinerting
agent,becauseitshighheatofvaporizationmadepossiblethecooLLng
ofignitionzoneswithsmallquantities.A blanketof steemgenerated
by thewaterevaporatingfromthehotsurfacesinertedthesezones,thus
preventingignitionwhilethesurfacescooledto safetemperatures.

.

.
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Thequantitiesofwaterrequiredto inerttheseparateignition
zoneswithintheJ30,J35,andJ47enginesareshownin tableI. These
quantitiesdonotrepresentminimumsbutprovidefora marginof safety.
Thewaterquantitieslistedcoverallofa givenclassofcomponents.
Forexample,the3 gallonsofwaterfortheJ35cmbustorincludethe
eightcombustorscarriedoneachengine.me timedurationofthewater
flowis givenaswell.

Ccmbustor.- ThemethodofintroducingthewaterintoeachJ47can-
bustoris showninfigure15. A toroidalwatermanifoldsurroundedeach
fuelnozzle.Eight0.082-inchholesonthedownstreamfaceofthemani-
folddirectedwaterat theconibustordcmeanditslouversleadinginto
thecombustionspace.A continuouscirc~erentialslot,0.020-inch
wide,ontheperimeterofthemanifoldprovideda sheetofwaterspread-
ingratialJy.Thiswaterwasdirecteddownstreamby theairflowto im-
pingeandwashalongtheoutsidesurfacesofthecombustorliner.The
3 gallonsofwaterdeliveredto theccmibustorsoftheJ35andJ47en-
ginesweredividedequallyamongthecombustors.Thewaterdischsrge
lastedfor3 seconds.

Transitionliner.- Waterwasdelivered-to eachtransitionlinerin
a fan-shapedsheetfmm nozzlesarrangedas showninfigure16. Adequate
coolingwasobtainedwiththreenozzlesforeachlinerby directingthe
waterat glancingincidencetotheoutsidesurfacesof thetransition
liner.Onepintofwaterwasdischargedontoeachtransitionlinerof
theJ35andJ47engines.

Thewaterappliedto thetransitionlinerwassufficientto fill
thehollowturbine-inletguidevaneswithsteamforthe14 secondsthe
waterflowed.Duringthisperiodthespacewasinertedwithsteam.No
additionalwaterfortheturbinevaneswasrequired,sincethemaingas
streamthroughtheenginecooledthevanesto safetemperaturein this
time.

Turbineandinner-conebasediaphragm.- (holingwaterto thetur-
binewasap_@ledas shownin figure17. Severalstreamsofwaterissued
fromthewaterringmaaifoldat thehubandspreadcentrifugallyover
therotatingwheel.TheJ35andJ47enginescontainedan inner-cone
basediaphra~thatwashotenoughtobe dangerous.Coolingwasef-
fectedby dischargingan additionalgallonofwaterovera 5-second
periodonthedownstreamfaceoftheturbinewheelthroughtheturbine
coolingairtube(fig.17). A portionofthiswaterreboundedfromthe
spinningwheelandsprayedontothebasediaphra~.

Recausetheturbinewheelhadlargemassandthickness,reheating
ofthewheelsurfacetounsafetemperaturesoccurredaftertheapplied
coolingwaterwasexpended.An exampleof thereheatingofthehottest
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partofthewheelisshowninfigure18. In earlyexperiments,when2
gallonsofwaterweresprayedovera 2-secondperiodontotheaftface
oftheturbineatthehub,thesurfacetemp=aturedroppedrapidlyto
theboilingtemperatureofwater(curveA, fig.18). Shortlyafterthe
waterwasexpended,thesurfaceof thewheelreheatedby conduction
fromthehotinterior.Unsafetemperaturesabove600°F wereestab-
lishedinlessthan7 seccmds.Inorderto avoidreheatingto unsafe
temperatures,thewaterdischsrgeperiodwasextendedto 30 seconds.
Experimentsindicatedthatthequantityofwaternecessarycouldbe
reducedfrom2 to 1 gallonforeachfaceoftheturbinedisk.The
wheeltemperaturesobtainedareshownby curveB onfigure18. The
timeinterval.beforereheatingbeganwasincreasedfrom3 to 20sec-
onds.Reheatingtotemperaturesabove6~0 F occurredafter27.5
seconds,atwhichtime,however,thechanceforfuelingestionwas
remote.

Thisproblemofreheatingmustalwaysbe consideredintheuseof
waterforcoolingunsafezones.Thechanceforfuelingestionby the
engineisgreatestjustbeforetheairplanecanestorestinthefirst
5 secondsaftercrashimpact.At thistimefuelspillingfromtorn
tankshasitsbroadestdistributionforwardofthewingsinareasad-
jacenttotheengines.Reheatingafterthistimeisnotas serioustith-
i.ntheengineas itwouldbe ontheoutsidesurfaceswhichcouldbe s
wettedby fuelthatcontinuesto dripandflowaroundtheengineafter
theairplanecomesto rest.

●

Innercone.- Thecavityoftheinnerconewasinertedbydiluting
theairwithsteamproducedby theevaporationofwaterframspraynoz-
zleswithintheinnercone.Theinitialwaterflowrateto theinner-
conecavityshouldbe rapidenoughtoreducetheoxygenconcentration
wi~n thecavitybelow10percentin1 second.Thiswastheapproxi-
matetimelatitudethatexistedbetweenthestirtoffuelingestionin
theengineinletandtheentranceofdangerousamountsoffuelintothe
tailcone.Theeffectivenessof thesearrangementswasenhancedby di-
rectingthewaterspraysattheopeningsthroughwhichthefuelcould
enter.Inthiswaythestem dilutedtheairlocaltothefuelenter-
ingtheinnerconeandprovidedprotection,whilethesteamconcentra-
tiondevelopedthroughoutthecavity.Thechamberwasmaintainedinert
untilitswallswerecooledto safetemperaturesby themaingasstream.
Forenginecavitieshavingthelowventilationratesfoundin theinner
tailcone,thequantityofwaterrequiredforprotectioncouldbe calcu-
latedfromthevolumeofthecavityandvolumesof steamgeneratedper
unitmassofwater.Allowamcewasmade,ofcourse,forsteamlossdue
toventilation.

FortheJ35engine,whichhasan inner-conevolumeof 5.8cubic
feet,0.35gallonofwaterwasrequiredtoprovidean inertatmosphere.
In contrast,theinnerconeoftheJ30engine,whichhasnobasedia-
phragmandcontainsa volumeof onlya~roximately0.7cubicfoot,re-
quired0.2gallonofwatertoachievean inertatmosphere.This
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relativelylargeramountofwaterwasnecessarybecauseofthehigher
. ventilationratestistingin theopen-baseinnerconeoftheJ30engine.

‘l?ailconeandtailpipe.- Theuniformdistributionsadefficient
utilizationofthecoolingwateronthetailconeandtailpipeposedscme
problems.Becausethetailconeandtailpipewerecircularin section
andmountedwiththeaxishorizontal,an undulylargenumberof water
sprayshadtobe usedto obtainccmpletewettingoftheoutsidesurface.
Thetendencyofthewatersprayedonthetailpipetoformtldnrivulets
reducedtheareawettedby eachspray.Watersprayedonthetailpipe
abovetheequatorprovidedrivuletsthatranby gravityto theequator
wheretheydrippedoff. Watersprayedonthetailpipebelowtheequator
drippedoffthetailpipea shortdistancefromtheimpingementarea.

EYfectivewaterdistributionandwettingwasprmnotedby wrappinga
100-meshs~nless-steelscreenaroundtheentireexhaustsystem.This
screenwasspot-weldedto thetai.lconemd tailpipe.Watersprayedon
thescreenpenetratedto thesurfaceofthetailpipeandIxailcone.The
screenpromotedwettinganddiscouragedtheformationofrivulets.

Waterdistributionoverthescreen-coveredexhaustsystemwaspro-
tidedby a networkofflattenedtubesmountedaxiallyin contactwitha
thescreen.Watersprayedthroughorificesdrilledintotheflattened
staleofthemanifoldfacingthetailconeandtailpipe.Thedischarge

. orificeswere0.040inchin diameterandspacedsothateachwoulddis-
tributewateroverapproximately50 squareinches.Additionalholes
weredrilledwhereexperimentshowedthemtobe necessarytoprovideuni-
formwetting.Thetubeswerealsocoveredtithribbonsof stainless-
steelscreenandspacedaroundthetailconeandtailpipein ordertopro-
tidea uniformwaterdistribution.Threecircularwatermanifolds
connectedthetubestoforma singleinterconnectedunit. Thiswater
systemis shownpartiallyinstalledon theJ35~ilpipein figure19.
Someoftheflattenedmanifolds,whichareuncovered,aretisible.The
waffledappearanceofthescreenwasproducedby twosetsofmutually
p=’pen~c~r gr~vest~t wereroued intothescreen.Thesegrooves
petittedthescreentobe tightlywoundto thetailpipeandyetallowed
watertoflowunderthescreen.

Directwatersprayswereprovidedthroughorificesandnozzles
placedonthelocalcircularmnifoldsin ordertoprovidecoollngof
themassiveflangesjoiningthetiilconeto theen@ne andthetailpipe
tothetailcone.

Thequantityofwaterrequiredforcoolingthetailconeandtail-
● pipe(table1) dependeduponitsdiameter andlengthandthethickness

ofthemetal.FortheJ35enginewitha longtailconeandtailpipe
.
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(157in.) sizedfortheF-84airplane,~ ga~onsofwaterwererequired. .

Twogallonsofwaterwererequiredforcodingthecorrespondingparts
ina pod-mountednacellewitha shorttailconeandtailpipe(63in.).

ThetotalwaterrequirementforprotectingX% andJ47engines
rangedfrom9 to12 gallonsdependingonthesizeofthetailsections.
TheJ30enginerequiredapproximately2 gaKLonsofwater.

CRASHSTUDYOFINZRTINGSYSTEMSFOR~TAlDlPIAN15

Twotypesofairplaneswereusedin thestudyoftheuseofwater
forreducingtheLikelihoodofcrashfires.Cargoairplanes(C-82)were
fittedwithpylon-mountedenginenacellesto simulatea jetbomberwith
pod-installedenginesas shownin figure1. Fighters(F-84)wereused
torepresentairplaneshavingenginessubmergedwithintheirstructures
(fig.3)0

InstallationofCrash-FireSystem

Thecompletecrash-fireprotectionsystemused in thiscrashstudy
is shownschematicallyinfigure20. Thesystemcompriseda waterstor-
ageanddistributionsystem}a shutoffvalvefortheccanbustorfuel}an
electricswitchforde-e~ergizingthebatteryandgeneratorcircuits~
anda crash-actuatedswitchforturningontheprotectionsystem.In
theseteststhisswitchwasexposedontheairpleue.Thestitchstruck
a targetat thecmsh barrierwhichoperatedtheswitchshortlyafter
majorairplanedamagehadbegun.Whilethisarrangementwassuitedfor
theseexperiments,moreelaboratemeanswouldbe requiredforactual
airplaneinstallations.A comprehensivediscussionofinitiatingsystems
foractuatingcrash-fireinertingsystemsispresentedinreference9.

In orderto ensurethatknownquantitiesofwaterwereappliedat
eachengineignitionzone,thewaterforeachzonewascarriedina
separatereservoir.Compressedgasforpropellingthewaterwascon-
tainedin thereservoir.Thegasspaceandyressureweredesignedto
givean initialwaterflowratewitha subsequentdeclineintheflow
ratethatwasfoundexpertientallytoprovideeffectiveuseofthewater.
Designcompromisesinvolvingreservoirlocation,lengthofwaterdistri-
butionlines,reservoirpressure,andrequiredquantityofwaterwere
madein orderto staywithina 0.2-secondtimelimit(aftercrashim-
pact)fortheapp~cationofthewaterat theignitionzones.This
timelimitwasdictatedby thenormallaginvolvedin thefunctioning
ofthehardwarecomponentsoftheinertingsystem.Considerationsof
rateoffuelspreadinthecrashindicatethatitisunlikelythat
combustibleatmosphereswillcontacttheengineignitionzoneswithin
thisshortintervaloftime.

.4

?

.
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In threeofthecrashesof cargoairplanesfittedwithJ47engines,. thewaterreservoirswerecarriedin thetingrootas showninfigure
21(a). Flexiblelinesjoinedthesereservoirsto theengines.In one
crashinwhicharrangementsweremde toriptheenginefromthewing,
thewaterreservoirswerestrappedbetweentheenginecambustorsas shown
infigure21(b).

l?ulL-ScaleCrashes

Thefirstcrashinwhichthisinertingsystemwasevaluatedwas
conductedwitha C-82equippedwithJ47engines.Shortlyaftertheair-
planepassedthroughthecrashbarrier,therightwingtorefreetopro-
ducethelargevolumeoffuelmistshowninfigure22(a).Entryof fuel
mistintotheleftengineoccurred3.0secondsafterbarrierimpactjust
as theairplanebegantoground-loop(fig.22(b)).Thecondensedwater
vaporpouringfromtheenginetailpipeindicatedthatthefire-prevention
systemwasworking.Thepooloffuelat theinletUps oftheleften-
gine(showninfig.22(c))representssaneofthefuelthatenteredthe
engineinletandthendrainedforwardwhentheenginestopped.In spite
ofthefuelthatenteredtheenginesandthatwhichpouredoverthe
nacelles(fig.22(d)),no fireoccurred.No firesoccurredin twoaddi-.
tionalcrashesconductedunderthessmecircumstances.

It is evidentthatpylon-mountedengineson jetairplanesmaypart
frcmthesupportingwingsina crash.To determinewhetherfireprotec-
tioncouldbe providedto theengineaftersepation,a crashwasar-
rangedinwhichtheleftenginenacellewastornfree. Theentire
nacelleinertingsystemwasbuiltintothenacelleanddesignedto
functionregardlessoftheattitudsassumedby thenacelleaftersepa-
rationfromtheairplane.

Forthiscrashspecialwaterreservoirsweremadethatwouldfitin
thespacesbetweentheccxnbustorsontheJ47engine.Someofthewater
reservoirsheldto theccmibustorsbymetalbandsareshowninfigure
21(b). Toensurecompleteexpulsionofthewaterregardlessof the
nacelleorientation,reservoirsof thetypeshowninfigure23wereem-
ployed.Eachconsistedofa steelcylinderwitha neoprene-fabric
bladderinsert.~ter wasretainedinthesteelcyUnderwhilethe
volumeof’thebladderwasfilledwithnitrogengasat a pressureneces-
saryto givethedesiredwaterdischargerate. Whentheoutletvalve
wasopened,thebladderexpanded,forcingthewatertoflow.

Theairplaneusedin thecrashinwhichengineseparationwasto*
occurdifferedfrcmthepreviousairplanesonlyin thechangesin the
watersystem,justdescribed,fortheleftengine.A bladerigidlyat-

. tachedto thebottomof theleftnacellewasarrangedtodragthrough
an earthmoundat thecrashbarrierandpulltheenginefromthewing.
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Separationoftheenginefrm thewingis showninthe icturese-
quenceof thecrashinfigure24. i’Afterseparation(fig.24a))the .
enginetumbledin thefuelsprayingintothewakeofthedamagedwing
(figs.24(b)and(c))andcanetorestinthefuel-wettedslidepathof
theairplane(fig.24(d)).Theplumeofcondensedwatervaporat the
tailpipe(fig.24(a))shows‘chatthewaterinertingsystemwasactuated.
No fireoccurred.

ThecrashtechniquefortheF-84withprotectedengineswasidenti- ~.
calwiththatusedin thecrashwiththeunprotectedenginediscussedin ~
connectionwithfigure5. Thecrash-fireprotectionsystemfortheen-
ginewasthesameas thatforthecargoairplanesfittedwithjetpods.

ThesequenceofeventsfollowingcrashwerethesamefortheF-84
as forthecargoairplsaes.Polesat thecrashbarrierrippedopenthe
wingfueltanksandproducedthefuelmistshownin figure25(a).
Collapseofthenosegearallowedfuelfrcunthetornforwardfuselage
tankto entertheengineinlet.VaporIssuingfromthetailpipe(fig.
25(b))wasprovidedinpartby thefuelthatpassedthroughtheengine
frcxathedamagedfueltankadjacenttotheengineinlet.Evaporation
ofwaterfrcrathefireprotectionsystemcontributeda largepartofthe
vaporsformed(fig.25(b]).InspectIonoftheengineaftercrashshowed .
thetelltaledyestainsleftby thered-dyedfuelflowingthroughthe
compressor(fig.26). No fireoccurred.

A secondcrashofan F-84airplaneeqti~edwiththefireprotec-
.

tionsystemwasconducted,againwithno fireoccurring.Whentheair-
planecametorestbeyondthecrashbarrier,completewettingofthe
airplaneby thered-dyedfuelwasobserved(fig.27).

SUMMARYOFRESULTS

A studyoftheignitionofcombustiblessuckedintotheinletsof
turbojetengineshavinga sizeandcompressionratiooftheJ35,J47,
andJ30enginesgavethefollowingresults:

1. The maingasstreamthroughtheenginemovestoorapidlyfor
ignitionto occuron thehotmetalwithintheengine.

2.Ignitionmayoccuronthehotsurfaceswithintheenginedown-
streamofthecompressorin thosezonesnotin themaingasstream.
Fortheenginesstudiedthesezonesincludethedomeofthecombustor,
theoutsidesurfacesofthetransitionliner,bothfacesoftheturbine
wheel,thebasediaphragoftheinnertailcone,andtheinteriorofthe
innertailcone.

,4

.
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3.Outsidesurfacesofthetailconeandtailpipecanignitejet. enginefuelsandlubricants.

4.A crash-fireprotectionsystmwhichde-energizestheelectrical
system,shutsoffthefuelflm tothee~e~ ad sPraYscoo~t (~ter}
overthesehotsurfacesprovedeffectiveinpreventingfires.Fighter

F aircraftwithsubmergedenginesandsimulatedbcmberconfigurationswith
l-l pylon-mountednacelleswere usedin thesestudies.No fireoccurredin
~ thesixcrasheswhentheenginefirepreventionsystemwasused. Fires

didoccurinthetwocrashesinwhichno engineprotectionwasprovided.
Coolantrequirementsrangedfrmnabout9 tol.Zgallonsofwaterperen-
gine(J35andJ47engines)dependingonthelengthoftailpipetobe
cooled.T

13
LewisFlightRmpulsionLaboratory

NationalAdtisoryCommitteeforAeronautics
Cleveland,Ohio,Jsmary18,1957
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APPENDIXA

ENGINE~ SURVEY

ma TN 3973

A firstappraisaloftheignitionpotentialofa surfaceis its
temperature.Therefore,a completetemperaturesurveyoftheengine
wasmadeinorderto determinewheretemperatureswerehighenoughto
causeignitionofaircraft-t~ecombustibles.

Thehottestpartsof theengine,whenoperatedat ratedconditions,
werethosewhichlayin therid-ngasstreamdownstreamofthecompres-~
ser. Thehighesttemperatures(fig.7)weremeasuredontheprimary
zoneofthecmbustionLiner,on thebendinthetransitionlinerwhere
thehotgasesleavingthecombustorimpinge,andontheturbinenozzle
vanes.Temperaturesas highas 1660°and1740°F werefoundon the
transitionlinerandtheadjacentturbinenozzlevanes,respectively.
Thestagnationgastemperatureat themovingturbinebladeswasless
thanthestagnationtemperatureat stationaryenginemembersin the
samegasstream.Thetemperatureofthebladeswascorrespondingly
lower,beingabout1370°F forthehottestpartsoftheblade.The
gasesleavingtheturbinewerereducedintemperaturebecauseofthe
turbineworkthathadbeendone. Therefore,thetemperatureofthe
innertailconeatlocationA onfigure7 wasabout400°coolerthanthe
turbinenozzlevanes.Thetemperaturewasabout1350°F atthehottest
pointoftheinnerconeandabout1150°F atitscoolestpoint.

Thelargesttemperaturegradientsoccurredwithinthecombustor
(fig.7)wheresmnemetalwasin contactwiththerelativelycool
combustor-inletairandothermetalwasheatedby thecambustorflame.
Themaximumtemperaturesrecordedwereabout800°F onthedame,about
1500°F ontheprimrysectionoftheccuibustorliner,andabout13000
F at theoutlet.Thelowertemperaturesat theccmbustor’lineroutlet
wereproducedby thecoolersecondarycanbustorair.

Enginepartsnotin themaingasstreamwereheatedmostlybycm-
duction.Theturbinewheelwasthemostmassiveenginepartheatedthis
way. Theradialvariationintemperatureonthesurfaceoftheturbine
wheel,showninfigure28,resultedfromthefactthattheheat“conduc-
tionwasfromthewheelrimtotherelativelycoolhub. Thedatashown
wereobtainedwiththeengineoperatingatratedsea-levelconditions.
Theturbine-wheelsurfacetemperaturevariedfromapproximately980°F
attherimto about605°F at a pointmidwaybetweentherimandhub.
Coolingairfromthecompressorappliedtothehubtoprotecttheengine
bearingsmaintainedthistemperaturepattern.
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. Theinner-conebasediaphra~,lying
soheatedby conduction.Ingeneral,the
therimtowardthediaphragmcenterwhich
theairappliedto theturbinehub.

19

oppositetheturbine,wasal-
teqeraturedecreasedfrmn
alsoreceivedsomecoolingby

Whenthefuelflowtotheoperatingeqine ccmbustorwasshutoff,
theenginepartsdeclinedintemperature.Thosecomponentswhichlay&t-l in themaingasstreamcooledmorerapidlythanthosewhichdidnot.

om Thisrapiddeclineintemperaturewasdueto thecoolerairnowflowing
throughtheengineandthegenerallylowheatcapacityoftheseparts.

A historyof thetemperatureofenginepartslyingin themaingas
streamis shownin figure29. Fuelshutoffoccurredat zerosecond,
andthetemperaturesindicatedwerethe~um recordedanywhereonthe

A camponentat thetimenoted.Thehottestsectionof theccmibustion-
j 1chamberlinercooledfrcm15W0 to 6~0 F in 2% seconds.Ittookover

~.
30secondsforthetransition-hertemperatureto declinefran16600
to 600°F. In 30 secondstheturbinenozzle-vsmetemperaturedropped
froma maximumtempentureof1750°to 645°F. me rotatingturbine
bladetemperaturefellfran1370°to 6CX3°F-in16 seconds.Inner-cone

m skintemperaturesdeclinedfrczn1340°to 640°F in 30 seconds.

Enginepartsnotlocatedin thenaingasstreamdeclinedin tem-
. peratureatmuchslowerrates(fig.30). Thehottestpartofthetur-

binewheelwasinitiallyat 980°F anddroppedonly100°F in 30 seconds
afterfuelflowto theenginehadstopped.Theturbinewheelremained
abovetheignitiontemperatureofJP-4fuelfor30minutesafterthe
enginewasshutdown. Thelargemassoftheturbinediskcontributed
toitsslowcoolingmte. Theinner-conebasediaphragmexhibitedthe
sameslowrateof cooling.Itsmaximumtemperaturewas910°F and
cooledonlyapproximately115°F in 30 seconds.

Experimentalcrashesconductedwithpiston-andjet-engineair-
planesshowedthatfuelmiststhattightbe &awn intotheengineinlet
existduringthefirst15 secondsafterimpactwiththebarrier.h
thistimetheairplanedeceleratestoa stopandthewindclearsthe
fuelmistfranthecrashzone.Duringthishazardousperiodtheseen-
ginetemperaturedatashowthatpracticallyallthemetaldownstreamof
thecombustorinletisabovethelaboratorymeasurediwitiontempera-
tureof jetfuelsandhydrocarbonlubricants.

Unsafezoneson theexternalsurfacesof engineshavinga campres-
. sionratioof 5 or lessextendfrcmtheturbinesectionto thetailpipe

exit. Airplanecombustiblesthatcontactthissectionof theengine
caseignite.Inenginesofhighercompressionratiosunsafeengine

-, casetemperatures mayextenddownstreamfromthelastcompressorstages.
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Temperatures must exceed600° F forignitionto occurreatilyontheen-
ginecase,becauseitismoderatelyventilated.~is factwasestablished “
by manyignitiontrialsontheexternalenginesurfaces.

mrature measurementsm%deon theexternalskincd theJ47en-
gine(fig.31)indicatedthatthetailconeandtailpipetemperaturesre-
mined above600°F formorethan30 secondsafterthefueltothecom-
bustorwasshutoff. Temperaturesoftheenginecaseupstresmofthe
tailconeandtailpipewereusuallybelow600°F (fig.32). Althoughthe
turbinecasereacheda maximumtemperatureof600°F endremainedsofor
10 secondsafterthefuelwasshutoff(fig.31),no ignitionswereex-
periencedhere.

0

.
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PRELIMINARYEVALUATIONOFPRORM311ZTYOFHOT-SURFACEIGNITION

Thedataon contacttimerequiredforignition~fig.8) canbe used
to obtslnanapproximationoftheprobabilityofhot-metalignitionof

+A coribustiblessuckedintotheengineinlet.Theenginemetaltemperatures
om areknownfromthemeasurementsgiveninfigures29and30. Thecontact

timecanbe computedfromtheknownmassairflowthroughtheengine(fig.
33). FromtheairflowdatafortheJ35engineandtheenginegeometry,
thelocalairvelocitythroughtheenginedownstreamoftheturbinein-
letwasplottedandappearsinfigure9. Velocitieswerecalculatedonly
attheenginestationsmarkedonthesketch.Eachlineconnectingthe
symbolsprovidesthevelocitydistributionthroughtheengineatthetime
indicated.It isinterestingto notethatat 3 secondsafterfuelshut-
offthevelocityatthecompressorexitwasslightlyhigherthanatthe
compressorinlet.Thiswasdueto thefactthattheturbine-inlettotal
temperaturehadfallentothepointwhereit causeda largedropin
compressor-exitstaticpressure.Thelowerstaticpressurewasthedomi-
nantinfluenceonthespeedupinairflow.

.
Thisanalysisdoesnotconsidertheincreasein contactthe re-

sultingfromrecirculationof gasesin theccaibustor-domeareaorap-
. proximatelythefirst30percentoftheconibustor.However,thecon-

tactthe availablein theaft70percentof theccmibustormightbe
consideredconservative,sincetheindicatedcontacttimewasbasedon
thetotallengthof thecaibustor.A requiredcontacttimemaybe
pickedfromthedatainfigure8(a),if theentirelineris considered
tobe at themaximumtemperatureshownonfigure29. A crudeanalysis
ofthistypeforthefirst7 secondsafterfuelshutoffis showmin
figure10,whichindicatesthatthegasstreammovedthroughtheca-
bustorlinertooquicklyto allowa sufficientcontacttimeforignition
fromthehotmetal.Ignitionis consideredlikelywhentheavailable
contacttimeequalsor exceedstherequiredcontacttime.

A similaranalysisfortheotherenginecomponentsshowedthatthe
contacttimeofthemaingasstresmin eachcomponentwastooshortfor
ignitionto occur.Thisanalysisby componentswasbasedontheassmp-
tionthatthefuel-airmixturein contactwiththehotmetalinpassage
throughonecomponentisno longerin contactinpassagethroughthe
next.

.

.
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APPlmmXc

METHODOFLOCATINGIGNITIONZONESWITEINENGINE

.

.

Inspectionofmostturbojetsshowsthattheengineinterioris
dividedintowell-definedcavities,someofwhichareInflowcommunica-
tion. Theairflowdirectionthroughthesecavitiesisalsowelldefined,
sothattheycaube consideredtobe arrangedin order.Eachcanbe
recognizedtobe upstreamordownstreamwithrespecttoanother.For
thisreasoneachofthecavitiescouldbe exploredseparatelyby the
followingtechniquefortheignitionhazarditpresents.

Theignitionhazardpresentedbyeachcavitywasstudiedbyinstall-
inga fuelspraysystemin eachcavitytoproducea cmnbustibleatmos-
phereas destied.A separatesystemwasalsoinstalledtoapplycoo13ng
waterto thehotsurfacesin thecavityortoprovidea watersprayin
thecavityspace.

Theenginecavityfarthestdownstream,theinnertailcone,was
studiedfirst.ThearrangementsusedfortheJ30tailconeareshown
schematicallyinfigure34. A fuelsystem,consistingofa singletube
andnozzle,wasarrangedto sprayfuelinmeasuredquantitiesintothe
cavityofthetailconetoproducea conibustibleatmosphere.Inaddition,
threewaterspraynozzleswereins%lledfacingtheupstreamdirection.
SincetheX50enginehasnobasediaphragm,thedownstreamfaceofthe
turbinewheelmustbe takenasa boundingsurfaceofthiscavity.The
upstreamwaternozzlewasarrangedto spraywaterontheturbinewheel
toavoidignitionfromthissource.

Inthisstudyof internalignitionzonestheenginewasrunat rated
conditionsuntiltemperatureequf~briumwasesiabld.shed.Thefuelflow
totheccmbustorwasstopped,and0.2secondlaterthefuelsprayin the
tailconecavitywasturnedon. Ignitionofthisfueloccurredin the
tailcone.Theprocesswasrepeatedwithincreasingintervalsbetween
enginecombustorfuelshutoffandthebeginningoffuelsprayintothe
conecavi~. Ignitionswereobtainedup to20 secondsafterthecombus-
torfuelwasshutoff.

Follotingthisevaluationofthetailconeinterioras anignition
hazardthe’runswererepeated,butthistimethewaterspray6werealso
turnedonwiththefuelsprayin thetaflcone.Initially,sufficient
waterwasusedto ensureabsenceofignition.~ progressivelyreducing
thewaterquantityinrepeatedrumsa minimumwaterrequirementwas
establishedbelowwhichignitionwouldsometimesoccur.

Thenextupstreamignitionz,oneis thecavityof theenginecontain-
ing theturbinewheel.Inordertoprovidepositiveidentificationof

c.

.

.

.
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theignitionsurfacesin theturbine-wheelcavity,a fuelspraywasin-. stalledtofillthecavitywitha combustibleatmosphere.Runswere
madesimilarto thosedescribedforstudyingtheinnertai.lcone.The
watersyraysystemin theinnertailconewasalwaysusedto ensurethat
no ignitionwouldoccurinthiszone.Repeatedrunsweremadeinwhich
fuelwassprayedintotheturbine-wheelcavityfollowingfuelshutoffto
theengineccribustor.Evaluationofthesmallestquantityofcooling
waterfortheturbinethatwasrequiredtopreventignitionwasobtained
inthemannerdescribedforthetailcone.Thesequantitiesmaybe in-
fluencedby themethodofwaterdistributionemployed.ti ordertopro-
videa marginof safetyforcrashexperiments,quantitiesofwaterabove
thetiinmnwereused. Thesearetabulatedin table1.

Eachoftheenginecavitieswasstudiedin turnby proceedinguP-
streamin thisway. Thezonest~t presentedigpitionpotentialwere
identifiedandinerted.
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TABLEI.- WATERQUANTIm USEDm INEFmNG
ENGINEmMPoNENTs

bternal Engine
engine J30 J35 J47
components

WaterDurationWaterDurationWhterDuration
quarl-Offlow,quan-Offlow,!l~- Offlowj
tity> sec tity, sec tity, sec
gal gal @

Combustordcunes 0.25 0.5-1.8 3 3 3 3

Transitionliners
andturbine-inlet
vanes 0.03 0.5-1.8 1 14 1 14

Turbinewheel:
Rapidflow 1 5 1 5
slowflow 0.89 2.5 2 30 2 30

Innertailcone
interior 0.2 2.5 0.35 39 - --

External Engine(airplaneinstallation)
engine
components J30 J35 J47Pylon

(F-84) instal~tion
(C-82)

WaterDurationWaterDurationWaterDuration
quan-Offlow,quan-Offlow,quan-Offlowj
tity, sec tity, sec tity, sec
gal gal gal

Tailcone
}

0.7 6
{

2 7
Tailpipe }

2 5
2.5 3.6

Totalwater
required,gal 2.07 11.8 9
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(a)IYontview.

(b)Sideview.

.

.

s-

.

‘

.

Figure1.- Jetenginespylon-mountedtowingofcargoairplane.
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(b)FUel-miBtcloud,0.8swond~f~r
initialimpact.

(d)Fireatengine
leftengfne,2.6
impact.

inletandtailpipeof
secondsafterinitial

(e)FirespreadtofuelmistIssuingfrom
leftwing,2.8secondsafterinitial
impact.

(f)Spreadoffire,4.0secondsafter
initialimpact. C-43826

Figure2.- Developmentof crash-fireinsimulatedJetbomber.
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Figure 3. - I?-E!4Fighter airplane used in crash-fire investigation.
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F@ure 4. - SchemetlcdiagramofF-S4tenk-cuttingmechenism.
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a-

___._— .

(a)Wing-tankfuelspillage,0.35second
-——- .2

(b)Flamesat enginetailpipe,0.75secondtiterinitialimpact. after~tiallnpect.

(c)~ix-tankfuelmist,1.10sec~~ter
Mtial impact.

Figure5.- Developmentof

(d)Spreado~fire,2.15SaCOT& after
initialimpact.

c-438q
crash-firein jetfighter.
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Figure7.- MaximumtemperatureofmetalcomponentsinmaingaestreamofJ47and
J35enginas.
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Figure9.- AirvelooltythroughJ35engineaftercombustorfuelslurboff.
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Figure10. - Analyslsof ignitionprobabilityfor 335 combustor.
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Figure12.- J35Inner-coneha==diaphragm.
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(a)Tailpipe. (b)Inlet.

Figure13.- Flamesissuingfromenginefollowingexplosivei@tion offuelwithinengine.

.

C-4%28

Figure14.- Fuelignitionontailconesurface.



.

.

.

.



, ,

FQure 15.- Combustion-chambervaterspraynozzle(J47engine).
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B’i@re16. . !tramltian-l_lnerwatersww uystem(J35and J47en@H) . j
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Waterspray
mnifold
(frontface)

Nozzle
Transition vane-
liner

Inner
cone

f

.,——

Figure17. - Sohematicdiagramofturbine-coo-system.
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Figure 19. - Typicalwater distributionBydxm! for F-84 tailpipeor tailcone.



*

lf?ansltlmlIlnm

Creah-acthatedmrlteh~
Im?C-bicdlmoImOotJ

JFuel ehutdf val

Teilmne

Mgure 20. - Schmatio diegrfmof ccmplcta

-

inertingaptfaIMU in%S4 drp-.

*
.



NACATN 3973 49

.

.

Toil

.,

(a) Locatedin wing root of C-82 cargoairplane.

(b)SecuredtoJ47engine.

Figure21.- Waterresemoirs.
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(a)Fuelmist discharging from torn wing, (b) Entry of fuel mist into left engine,

0.9Oecond after initial impact. 3.0secondsafterinitialimpact.

.

(c) Pooloffuellefth inletcowl (d)Fuelspillageonnacelle.
indicatingfuelentryintoengine.

C-43829

Figure22.- Crashof C-82withjetenginesequippedwithinertingsystem.
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(a)1.3Secondaafterinitial~ct.

._.-

(c)3.1Secondsafter initial impact.

(b)1.8Secondsafterinitialimpact.

C-43830
Figure24.- Separationof J47enginefromC-82wing in crash.
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(a)Fuelmist,1.16econdaafterinitial
impact.

(b)Waterandfuelvaporsissuingfrom
tailpipe,3.6secondsafterinitial
impact.

Figure25.- CrashofF-64with335inertingsysteminstalled.

Figure26.- Fuel-dyestainson J35-enginecompressorfollowingF-64crash.

c-43a31

Figure~. - Extensive fuel wettingofF-84followingcrashwith inertingsystem.
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